Introduction
============

Osteosarcoma is the most frequent primary malignant bone cancer, comprising 30% of all cases of bone cancer. It often arises in the metaphyses of long bones of adolescents, which have the highest growth potential.[@b1-ijn-10-3351] It is characterized by metastatic tumors that differentiate aggressively toward fibrous tissue, cartilage, and bone.[@b2-ijn-10-3351] The first peak of incidence of osteosarcoma is in 10--14-year-olds when pubertal growth starts and the second peak is in adults aged 65 years or older. In the USA, there are approximately 400 cases of osteosarcoma diagnosed every year.[@b3-ijn-10-3351]

The occurrence of osteosarcoma could be related to dysfunction of the p53 tumor suppressor gene.[@b3-ijn-10-3351],[@b4-ijn-10-3351] Expression of the p53 tumor suppressor gene can upregulate apoptotic proteins (ie, Bax, Apaf-1, and CD95), initiating cell cycle arrest and apoptosis. When oncogene activation occurs, the inhibitor Mdm2 could be sequestered in the nucleolus, and p53 is then activated, promoting apoptotic cell death.[@b5-ijn-10-3351] Nonetheless, the first intron of the p53 gene is mutated in many osteosarcoma cell lines, resulting in the loss of p53 expression and abnormal DNA repair mechanisms.[@b6-ijn-10-3351] In addition, overexpression of nuclear factors can lead to irregular proliferation of many cancer cell lines, including osteosarcoma.[@b3-ijn-10-3351] Nuclear factor kappa B (NF-kB) is also an important transcription factor that could initiate and promote cancer. NF-kB is kept inactive in the cytoplasm when inhibited by IkB kinase. Stimulated by either oxidative stress or free radicals, the NF-kB inhibitor IkB is phosphorylated, causing a higher level of active NF-kB, thus fostering an inflammatory environment via various cytokines that favor malignant transformation.[@b7-ijn-10-3351] The active NF-kB transcription factor can translocate into the nucleus, and positively regulate different gene products related to antiapoptotic, proinflammatory, and pro-proliferation events. As a result, apoptosis is blocked under high levels of active NF-kB, this transcription factor could potentially benefit cancer activity. Increased activation of NF-kB is observed in many cancer cell lines, and is involved in antiapoptosis, tumor promotion, and metastasis.[@b8-ijn-10-3351],[@b9-ijn-10-3351]

After adoption of multiagent chemotherapy, there was a significant increase in cancer survival rates reported for the years 1974--1994, during which there were lower rates of metastasis and local recurrence. However, there has been no significant improvement in the survival rate for osteosarcoma over the last two decades. According to a report by the National Cancer Institute, the survival rate of patients under the age of 45 years with osteosarcoma was steady at around 65% from 1975 to 2000. Thus, the development for safer, novel, and more targeted therapies is necessary.[@b1-ijn-10-3351],[@b3-ijn-10-3351],[@b4-ijn-10-3351]

Curcumin (or diferuloylmethane) has been shown to have potential as a chemotherapeutic agent in many types of cancer since it possesses pleiotropic anticarcinogenesis efficacy. By affecting various molecular and cellular pathways, curcumin is able to target cellular processes, including gene expression, transcription, proliferation, and extracellular matrix synthesis.[@b10-ijn-10-3351] Curcumin not only shows antiproliferative effects towards many types of cancer by inhibiting NF-kB and its downstream gene products, but also affects various growth receptors and cell adhesion molecules in tumor growth.[@b11-ijn-10-3351]--[@b13-ijn-10-3351] In addition, curcumin has been shown to upregulate p53 expression in various cancer cell lines, including osteosarcoma.[@b14-ijn-10-3351]--[@b16-ijn-10-3351] However, with its polyphenol chemical structure, curcumin exists in an orange-yellow crystalline form and is insoluble in water.[@b17-ijn-10-3351] In basic conditions, curcumin is unstable and has a high degradation rate in phosphate buffers at pH 7.2 under different physiological conditions in vitro.[@b18-ijn-10-3351] Clearly, one solution to using curcumin as an anticancer drug is to develop a suitable carrier.

Bottom-up nanotechnology using self-assembled amphiphilic molecules has recently been investigated in many drug delivery studies. These consist of one or more polar hydrophilic moieties and nonpolar hydrophobic moieties.[@b19-ijn-10-3351],[@b20-ijn-10-3351] Hydrophobic interaction of the hydrophobic moieties is the main driving force of self-assembly, so these amphiphilic molecules can self-assemble into micelles in aqueous solution, while the hydrophilic moieties can directly interact with water and govern the morphology of micelles by molecular interactions (ie, electrostatic interactions and hydrogen bonds).[@b21-ijn-10-3351]

Surfactant-like amphiphilic peptides are amphiphiles that contain natural L-amino acids. In addition to improving biocompatibility, amphiphilic peptides can also be functionalized by a variety of peptide sequences for different applications.[@b20-ijn-10-3351] For instance, the arginine-glycine-aspartic acid (RGD) tripeptide can target overexpressed receptors, such as ανβ3 integrins on cancer cells,[@b22-ijn-10-3351]--[@b24-ijn-10-3351] while cationic peptides with consecutive 5--11 arginine residues can facilitate the macropinocytosis-meditated pathway for cellular uptake.[@b25-ijn-10-3351]--[@b29-ijn-10-3351] An amphiphilic peptide, C18GR7RGDS, was used as a gene delivery carrier,[@b30-ijn-10-3351] but its potential use for drug delivery has rarely been discussed. In the present study, this molecule was tested for the first time as a surfactant-like drug carrier encapsulating hydrophobic curcumin in its hydrophobic core. We hypothesized that curcumin-loaded amphiphilic nanoparticles (APNPs) could be an innovative strategy for the selective inhibition of osteosarcoma cells over healthy osteoblasts.

Materials and methods
=====================

Eagle's Minimum Essential Medium was purchased from the American Type Culture Collection (Manassas, VA, USA), and osteoblast basal medium and osteoblast growth medium Supplemental Mix were purchased from PromoCell (Heidelberg, Germany). Curcumin (diferuloylmethane), acetic acid, dimethyl sulfoxide (DMSO), 4′,6-diamidino-2-phenylindole (DAPI), and Atto Rho6G phalloidin were supplied by Sigma-Aldrich (St Louis, MO, USA). The dry powder for the C18GR7RGDS ([Figure 1](#f1-ijn-10-3351){ref-type="fig"}) amphiphilic peptide was obtained from Biomatik (Wilmington, DE, USA). The PlusOne Mini Dialysis Kit (molecular weight cutoff 1 kDa) was purchased from GE Healthcare (Buckinghamshire, UK) and the methyl-thiazolyl-tetrazolium (MTT) dye solution was purchased from Promega (Madison, WI, USA).

Preparation of APNPs
--------------------

The APNPs were prepared by dissolving dry powder of C18GR7RGDS (molecular weight 1,850.28 g/mole) in deionized water followed by sonication for 60 seconds. The amphiphilic peptide was also suspended in phosphate-buffered saline and acetic acid solutions at pH 2, 4, and 6. The self-assembly behavior of APNPs in these different solutions were then observed under a transmission electron microscope (TEM) as described in the next section.

Transmission electron microscopy
--------------------------------

The morphologies of the APNPs in different solutions were determined using a JEM-1010 Transmission Electron Microscope (JEOL, Tokyo, Japan). Samples in different aqueous conditions were prepared by dissolving the amphiphilic peptides in deionized water, phosphate-buffered saline, and acetic acid solutions at pH 2, 4, and 6. Next, 5 μL of each sample was mounted on a 300-mesh copper grid (EM Sciences Ltd, North Vancouver, BC, Canada) and negatively stained by 5 μL of 1.5% aqueous phosphotungstic acid for 5 seconds. The excess liquid was removed carefully using filter paper. The images were captured by TEM at 40,000--50,000×, operating at an accelerating voltage of 80 kV.

Preparation of curcumin-loaded APNPs
------------------------------------

The curcumin-loaded APNPs were prepared by codissolution and dialysis tubing methods. Firstly, curcumin was dissolved in 50% acetic acid and then codissolved with APNPs. In the mixture, the molar ratio of peptide to curcumin was equal to 1:2. The mixture was then transferred to a dialysis tube (molecular weight cutoff 1 kDa) against 800 mL of deionized water. The water was replaced by fresh deionized water every 4 hours in order to eliminate acetic acid and unloaded curcumin from the mixture in the dialysis tube. When the pH of the mixture was close to 7.0, the dialysis tubing was removed. The morphology of the curcumin-loaded APNPs in the final solution were characterized by TEM as previously described. The amount of curcumin encapsulated in the APNPs was characterized by a standard curve showing a linear correlation between the known concentrations of curcumin in DMSO and the corresponding absorbance measured by ultraviolet-visible spectroscopy (SpectraMax M3, Molecular Devices, Sunnyvale, CA, USA) at a wavelength of 430 nm (*R*^2^\>0.98). Briefly, an aliquot of the curcumin-loaded APNP solution was lyophilized by a freeze-dryer (FreeZone 2.5 Plus, Labconco, Kansas City, MO, USA). The dry powder was then dissolved in DMSO, and the concentration of curcumin was evaluated by correlating the ultraviolet-visible absorption of this solution at a 430 nm wavelength with a standard curve. The concentration of curcumin was evaluated three times for each sample.

Zeta potential
--------------

The zeta potentials of pure APNPs and curcumin-loaded APNPs were determined using a ZS90 Nanosizer (Malvern Instruments, Malvern, UK). Next, 0.4 mg/mL of pure APNPs and curcumin-loaded APNPs were prepared in deionized water followed by sonication for 60 seconds at room temperature. The zeta potential of 1 mL of each sample was then measured over ten runs in triplicate.

Fourier transform infrared spectroscopy
---------------------------------------

Fourier transform infrared (FT-IR) spectra of plain curcumin, the C18GR7RGDS peptide powder, and the lyophilized curcumin-loaded APNPs were collected in order to analyze the chemical structure of these compounds and possible changes therein after drug loading. Samples were analyzed by a FT-IR spectrometer (Vertex 70, Bruker Corporation, Billerica, MA, USA) using the attenuated total reflectance method. The FT-IR spectra were collected in the wavelength range of 550--4,000 cm^−1^ with a resolution of 2 cm^−1^.

X-ray diffraction
-----------------

An X-ray diffraction (XRD) study was conducted to analyze the crystallographic structure of curcumin, pure APNPs, and lyophilized curcumin-loaded APNPs. Samples were analyzed using an X-ray diffractometer (Ultima IV, Rigaku Corporation, Tokyo, Japan) at a voltage of 40 kV, 44 mA, and 1.76 kW. The scanned angle was in the range of 5° ≤ 2θ° ≤ 40° and the scan rate was 3° per minute.

Cell culture
------------

MG-63 osteosarcoma (CRL-1427) cells (American Type Culture Collection) were cultured in Eagle's Minimum Essential Medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin, while healthy human osteoblasts (C-12760, PromoCell) were cultured in complete growth medium composed of osteoblast basal medium and osteoblast growth medium Supplement Mix. Both cell lines were incubated at 37°C in a humidified incubator with an atmosphere of 95% oxygen and 5% CO~2~. Cells were used at population numbers less than 3.

In vitro cytotoxicity
---------------------

MG-63 osteosarcoma and noncancerous human healthy osteoblast cell lines were used to evaluate the cytotoxicity of plain curcumin suspended in phosphate-buffered saline, curcumin dissolved in DMSO, a solution of pure APNPs, and a curcumin-loaded APNP solution by the colorimetric MTT assay. First, 100 μL of the osteosarcoma and healthy osteoblast cell solutions were seeded on a 96-well plate at 2×10^3^ cells/well (cell density 6,154 cells/cm^2^). After 24 hours of incubation in 5% CO~2~ at 37°C for attachment, the cells were treated with plain curcumin in phosphate-buffered saline, curcumin dissolved in DMSO, and a curcumin-loaded APNP solution with different curcumin concentrations (3, 5, 10, 20, and 30 μM). For the cells treated with a solution of pure APNPs, the solution was prepared by the same codissolution and dialysis tubing method as that used for the preparation of curcumin-loaded APNPs mentioned previously. Cells treated with medium only were used as a positive control. For the samples treated with curcumin dissolved in DMSO, cells treated with the same amount of DMSO (less than 0.5% v/v) were regarded as control samples. Serum-free medium was used in all samples to avoid interactions between the arginine-rich peptides and serum albumin.

The cells were then treated for 24 hours. The medium was then removed from each sample and the cells were washed three times with phosphate-buffered saline. Next, 100 μL of cell medium and 15 μL of the MTT dye solution were added to each well, and the cells were incubated for 4 hours to allow the formation of formazan crystals. At the end of incubation, 100 μL of the MTT stop solution were added to each well. The 96-well plates were then tested using a spectrophotometer (SpectraMax M3, Molecular Devices) at a wavelength of 570 nm to obtain the optical density. Cell density was obtained from a standard curve expressing the linear correlation between different cell densities and optical densities (*R*^2^\>0.98). Cell viability was expressed as the ratio of cell density in each sample to the cell density in the control sample.

Qualitative cellular uptake study
---------------------------------

A confocal laser scanning microscope and a bright field microscope were used for the qualitative cellular uptake study. First, 1 mL each of the osteosarcoma cell line and the healthy human osteoblast cell line were seeded on a 24-well plate at a density of 2×10^4^ cells/mL. After 24 hours of incubation in 5% CO~2~ and at 37°C, the cells were treated for 2 hours with 20 μM of curcumin encapsulated in APNPs or plain curcumin suspended in phosphate-buffered saline. The cells were then rinsed with phosphate-buffered saline three times to remove the unabsorbed curcumin. The qualitative uptake of curcumin was then monitored by bright field microscopy.

After 10 minutes of fixation by 10% formaldehyde solution and subsequent treatment with a 0.1% Triton X-100 solution for 10 minutes, the nuclei of the cells were stained by DAPI and F-actin was stained by Atto Rho6G phalloidin for observation by confocal laser scanning microscopy (LSM710, Zeiss, Dublin, CA, USA). The stained cells were then viewed under a confocal microscope for DAPI (excitation at 358 nm, emission at 461 nm), Atto Rho6G phalloidin (excitation at 525 nm, emission at 560 nm), and curcumin uptake was observed using a fluorescein isothiocyanate filter (excitation at 495 nm, emission at 519 nm).

Statistical analysis
--------------------

All experiments were conducted at least three times for each cell line, with five samples for each group. The data are expressed as the mean ± standard error of the mean and unpaired Student's *t*-tests were used to test for significant differences between the two treatment groups. *P*\<0.01 indicated significant differences and *P*\<0.005 indicated highly significant differences.

Results
=======

Characterization of self-assembly behavior of APNPs
---------------------------------------------------

The C18GR7RGDS amphiphilic peptide could be dissolved easily in deionized water, phosphate-buffered saline (pH 7.4), and acetic acid (pH 2, 4, and 6). A 10 mg/mL stock solution of APNPs was prepared in autoclaved deionized water and then preserved at −80°C before use. The morphology of the self-assembled C18GR7RGDS APNPs in the different solutions was characterized by TEM.

The TEM images showed that the peptide could self-assemble into nanospheres in deionized water and phosphate-buffered saline, with a mean diameter of 15.6 (range 10--20) nm at a concentration of 1.5 mg/mL ([Figure 2A and B](#f2-ijn-10-3351){ref-type="fig"}). The C18 aliphatic tail group could serve as the driving force for the self-assembly behavior of APNPs. The hydrophilic head group of the peptide functionalized by positively charged arginine-rich groups could result in strong electrostatic interactions between each adjacent molecule. APNPs with a spherical morphology were thus formed by the equilibrium of the hydrophobic interaction led by the tail group and the electrostatic interaction led by the head group.[@b31-ijn-10-3351]--[@b33-ijn-10-3351] Interestingly, the APNPs could aggregate ([Figure 2C](#f2-ijn-10-3351){ref-type="fig"}) with each other when the peptide was dissolved in deionized water without sonication before characterization.

Self-assembled nanospherical aggregates could still be observed at pH 6 in an acetic acid solution ([Figure 2D](#f2-ijn-10-3351){ref-type="fig"}). However, at pH 2 and 4 ([Figure 2E and F](#f2-ijn-10-3351){ref-type="fig"}), only random cloud- like layers were observed, and the amphiphilic peptides could not self-assemble into nanospheres. Therefore, APNPs could be opened in acidic conditions at pH values \<4, and due to this pH-sensitive property, the external material can be encapsulated.

Since curcumin is soluble in acetic acid, it is possible to encapsulate curcumin into APNP aggregates by codissolution with acetic acid disrupting the self-assembled structure, and to reform the nanoparticles by removing acetic acid using a dialysis-tubing purification method. Arginine deprotonation may not be the main factor for this pH-sensitive activity since the pKa of arginine is 12.48, indicating that the guanidinium groups on the arginine-rich structure could be positively charged in a physiological environment. A possible reason for the dissociation of APNPs at low pH might be that the electrostatic interaction is so strong that the repulsive force among molecules can disrupt the self-assembled structure.

This pH-sensitive property might be beneficial for cellular uptake of encapsulated bioactive molecules in the inner core. For example, endosomes, in which the pH is 5--6, are membrane-bound compartments that can transport extracellular molecules from the plasma membrane to the lysosome. The lysosomes can then engulf the molecules by digestive enzymes at a working pH around 4--5. Therefore, this low pH environment could cause dissociation of micelles and release bioactive molecules into the cytosol, followed by digestion by the lysosome.

Formation of curcumin-loaded APNPs
----------------------------------

APNPs can be disrupted by acetic acid when the pH is less than 4, so a method for codissolution with curcumin in 50% acetic acid was developed to dissociate the aggregates. Due to their low molecular weights, the acetic acid and the free curcumin molecules could be purified with dialysis tubing. Only APNPs and the encapsulated curcumin could be retained in the solution. Using this method, a homogeneous solution of curcumin was successfully prepared with the help of APNPs. Compared with the same amount of a solid curcumin suspension in water (solubility less than 0.1 mg/mL), the resulting solution showed significantly increased solubility and homogeneity ([Figure 3A](#f3-ijn-10-3351){ref-type="fig"}). Moreover, the lyophilized powder of the solution could be redissolved in water easily ([Figure 3B and C](#f3-ijn-10-3351){ref-type="fig"}).

Subsequently, nanospheres were observed in the TEM images of the resulting solution after drug loading. These nanoparticles had a morphology similar to that of the pure APNPs but with comparably larger diameters at around 18--30 nm (average diameter 22.8 nm, [Figure 4](#f4-ijn-10-3351){ref-type="fig"}). This result indicates that the self-assembly behavior was not altered during the drug preparation procedure, and the pH-sensitive nanoparticles were able to reform by a reversible process after removal of acetic acid. Meanwhile, hydrophobic molecules, like curcumin, could be entrapped and solubilized in the stearyl C18 aliphatic cores of the micelles by energetically favorable hydrophobic interactions,[@b31-ijn-10-3351],[@b34-ijn-10-3351] suggesting successful drug encapsulation in the aqueous surfactant solution of APNPs.

Zeta potential
--------------

The measured average zeta potential of pure APNPs was +59±3.15 mV, while that of curcumin-loaded APNPs was +70.63±3.02 mV ([Figure 5](#f5-ijn-10-3351){ref-type="fig"}). This result indicates that both pure and curcumin-loaded APNPs were stable in aqueous solution. The curcumin-loaded micelles have a higher zeta-potential, possibly resulting from the increased number of free peptide monomers aggregated to form stable micelles after drug loading, and these positively charged micelles could facilitate cellular uptake mediated by the membrane potential.[@b26-ijn-10-3351]

Fourier transform infrared spectroscopy
---------------------------------------

To further investigate the chemical and molecular interactions after drug loading, FT-IR analysis was used to show the spectra of solid-state plain curcumin, pure APNPs, and curcumin-loaded APNPs ([Figure 6](#f6-ijn-10-3351){ref-type="fig"}).

In the spectra of plain curcumin, the bands that appeared in the ranges of 1,225--1,175 cm^−1^ and 1,125--1,090 cm^−1^ together with two additional weak bands in the ranges around 1,070--1,000 cm^−1^ could represent the 1:2:4-substitution of the aromatic rings. The two C=C bonds conjugated with the neighborhood aromatic rings and C=O bonds could be characterized at 1,629 cm^−1^ and 1,606 cm^−1^, respectively. The hydroxyl group with intramolecular hydrogen bonds in the phenol groups could be characterized by the relatively weak absorption at 3,519 cm^−1^.[@b35-ijn-10-3351]

In the spectra of pure APNPs, the absorption at 1,654 cm^−1^ could represent the amide I group,[@b36-ijn-10-3351] while the band at 1,560 cm^−1^ could indicate the COOH group in the amino acid sequence. In addition, the two wide bands at 3,400--3,300 cm^−1^ could characterize the amine group of the arginine-rich structure. For the spectra of lyophilized curcumin-loaded APNPs, the bands appeared at a wavelength similar to that for pure APNPs, but the band at 1,409 cm^−1^ could represent the OH deformation vibration on phenols.[@b35-ijn-10-3351] The FT-IR spectra may suggest that the chemical structure of the amphiphilic peptide was not altered after drug loading since no significant band shifts were observed. Furthermore, most of the absorbance bands for curcumin could not be observed, except for the OH deformation vibration on the phenols. This result indicates successful encapsulation of curcumin by APNPs, as curcumin molecules were shielded in the inner core of micelles, and the infrared radiation could not be transmitted through the encapsulated molecules.

X-ray diffraction
-----------------

XRD was conducted to further analyze the crystalline and molecular structure of curcumin before and after encapsulation by APNPs ([Figure 7](#f7-ijn-10-3351){ref-type="fig"}). In the XRD pattern for curcumin, a series of characteristic peaks could be observed in the range of 15° ≤ 2θ° ≤ 30°, representing the distinct crystalline structure of curcumin molecules. In contrast, pure APNPs may not have a characteristic crystalline structure since no peaks were evident in its XRD pattern. More importantly, the curcumin-loaded APNPs showed an XRD pattern similar to that of pure APNPs and did not show an observable crystalline structure. Disappearance of peaks characteristic of the crystalline structure of curcumin can result from encapsulation by APNPs. The XRD pattern for the pure APNPs demonstrated that these molecules could exist in a disordered crystalline structure or be amorphous. APNPs could shield the curcumin molecules from diffracting the X-ray beams, causing the XRD of the curcumin crystalline structure to be undetectable. Thus, the XRD pattern of curcumin-loaded APNPs further confirmed successful drug encapsulation.

Qualitative cellular uptake of curcumin-loaded APNPs
----------------------------------------------------

Internalization of curcumin-loaded APNPs by the osteosarcoma and human osteoblast cell lines was tracked by bright field microscopy and confocal laser scanning microscopy. After incubation with curcumin-loaded APNPs at a 20 μM curcumin concentration for 2 hours, the osteosarcoma cells showed significantly higher uptake of curcumin than the normal human osteoblast cells in bright field microscopy images ([Figure 8](#f8-ijn-10-3351){ref-type="fig"}). In the samples treated only with plain curcumin suspended in phosphate-buffered saline, very small amounts of crystalline curcumin could be observed in the cell membranes, but curcumin did not accumulate in the cytosol by endocytosis and internalization was inefficient.

The nuclei of the cells were tracked by blue fluorescent DAPI staining using confocal microscopy ([Figure 9](#f9-ijn-10-3351){ref-type="fig"}), and the F-actin filaments of cells were stained with red fluorescent Rhodamine 6G. The cellular uptake of curcumin was monitored using a green fluorescent fluorescein isothiocyanate filter.[@b25-ijn-10-3351],[@b37-ijn-10-3351] Similar to the images taken by bright field microscopy, both cell lines did not show detectable fluorescence of curcumin in the samples treated by plain curcumin, which indicated that APNPs could enhance cellular uptake. Osteosarcoma cells treated with curcumin-loaded APNPs showed a strong green fluorescent signal, indicating that these cells accumulated significant amounts of curcumin into the cytosol. However, normal human osteoblast cells showed only a weak green fluorescent signal in the cytosol.

These results demonstrated that curcumin-loaded APNPs could penetrate the membrane of osteosarcoma cells more efficiently and induce significantly higher cellular uptake than in human osteoblast cells. With an RGD-functionalized head group, the curcumin-loaded micelles might selectively attach to the receptors of the overexpressed integrins on osteosarcoma cells, leading to more drug accumulation on the surface of the osteosarcoma cells than on the normal human osteoblast cells. Meanwhile, the micelles could stably attach to carboxylate, sulfate, and phosphate groups on the cell membrane by two hydrogen bonds of each arginine group in the peptide sequence. This would favor macropinocytosis-meditated internalization of arginine-rich peptides.[@b26-ijn-10-3351] Hence, curcumin molecules could internalize into the cytosol efficiently via the endosomal pathway from the cell membrane to the lysosome, although the exact mechanisms involved will need to be elucidated in future studies.

In vitro cytotoxicity
---------------------

The cytotoxicity of the curcumin-loaded APNP solution, the solution containing pure APNP, curcumin dissolved in DMSO, and plain curcumin suspended in phosphate-buffered saline was investigated (expressed as cell viability and cell density). The pure APNPs showed minor cytotoxicity in both the osteosarcoma cell line and the human osteoblast cell line at the highest concentration investigated ([Figure 10](#f10-ijn-10-3351){ref-type="fig"}), which might have resulted from the increased positive charge along with increased peptide concentrations.[@b26-ijn-10-3351] The cytotoxicity of plain curcumin suspended in phosphate-buffered saline was insignificant for both cell lines ([Figures 11](#f11-ijn-10-3351){ref-type="fig"} and [12A and B](#f12-ijn-10-3351){ref-type="fig"}), possibly reflecting low cellular uptake due to the low solubility of curcumin in phosphate-buffered saline. When dissolved in DMSO, curcumin was more cytotoxic to osteosarcoma cells at all concentrations investigated, which is in accordance with previous studies.[@b38-ijn-10-3351],[@b39-ijn-10-3351] More importantly, the curcumin-loaded APNPs showed significant selective inhibition of viability of osteosarcoma cells. Compared with the curcumin/DMSO sample, the cytotoxicity of curcumin-loaded APNPs was more selective for osteosarcoma cells in the concentration range of 20--30 μM. At a curcumin concentration of 30 μM, the viability of osteosarcoma cells was as low as 15% after treatment with curcumin-loaded APNPs, whereas over 50% of human osteoblast cells were viable. The curcumin-loaded APNPs with a 20 μM curcumin concentration could be the optimal concentration, given that the viability of osteosarcoma was the minimum value at this concentration. This result quantitatively confirms the targeting effects of the RGD peptide sequence on ανβ3 integrins, which are overexpressed on cancer cells, bringing about more uptake of encapsulated drug by osteosarcoma cells than by healthy human osteoblast cells.

Discussion
==========

The present TEM results show that the amphiphilic peptide C18GR7RGDS can self-assemble into spherical nanoparticles with diameters of 10--20 nm in water and phosphate-buffered saline. This self-assembly behavior might be driven by the hydrophobic interactions of the aliphatic tail group and the electrostatic interaction attributed to the positive charge in the head group. A three-dimensional schematic molecular structure of the amphiphilic peptide was created and analyzed using ChemBio3D Ultra 14 software ([Figure 1](#f1-ijn-10-3351){ref-type="fig"}). The estimated length of an amphiphilic peptide molecule is about 6.74 nm. Comparing the diameters of micelles measured in the TEM images and those in the schematic measurement, the micelle structures in APNPs could be monolayer aggregates with solid hydrophobic cores, although the critical packing parameter should be precisely evaluated.[@b19-ijn-10-3351] Furthermore, given that micelles can form when the concentration of amphiphilic molecules is above the critical micelle concentration whereas amphiphilic molecules behave differently when their concentration is lower than that of the critical micelle concentration,[@b19-ijn-10-3351] the morphology of APNPs with lower peptide concentrations need to be observed in order to determine the stability of APNPs upon dilution.

The self-assembly properties of APNPs were also found to be pH-sensitive. Under acidic conditions, in which the pH was lower than 4, the APNP aggregates could dissociate, allowing for entry of external compounds. When the samples were negatively stained by uranyl acetate, the self-assembled APNP structures could not be observed by TEM (images not shown), possibly because the nanoparticles were disrupted in the acidic uranyl acetate solution (pH 4.2--4.5).

By codissolution with a curcumin solution in 50% acetic acid and dialysis tubing, APNPs could reform into spherical nanostructures but with larger diameters. More importantly, the solubility of curcumin increased significantly and the orange-yellow solution showed more stability and homogeneity with the assistance of APNPs. Even after freeze-drying, the powder of the solute of this solution could be dissolved easily and rapidly in water. Therefore, it could be hypothesized that curcumin can be successfully encapsulated in the inner hydrophobic core of micelles of APNPs.[@b33-ijn-10-3351],[@b34-ijn-10-3351] The encapsulation of curcumin was further studied by FT-IR and XRD analysis. After drug loading, no significant band shift occurred in the FT-IR spectra for pure APNPs, but bands representing most of the chemical groups in curcumin molecules could not be detected. This result might provide evidence for successful encapsulation of curcumin since the encapsulated molecules could be shielded from the infrared signal. XRD analysis further confirmed the successful encapsulation of curcumin by APNPs, since the distinct peaks for the crystalline structure of curcumin disappeared and the curcumin-loaded APNPs had an XRD pattern similar to that of pure APNPs after drug loading.

In vitro experiments were conducted using both MG-63 osteosarcoma cells and normal healthy human osteoblast cells to investigate the ability of APNPs to target bone cancer cells. At curcumin concentrations of 3--30 μM, the cytotoxicity of curcumin-loaded APNPs against osteosarcoma cells was significantly greater than against healthy osteoblast cells. The viability of healthy osteoblast cells and osteosarcoma cells was 54% and 15%, respectively, after 24 hours of treatment with 30 μM curcumin concentration in APNPs, while the same amount of pure APNPs and plain curcumin suspended in phosphate-buffered saline had low toxicity in both cell lines. The 20 μM curcumin concentration in APNPs could be optimal to inhibit the proliferation of osteosarcoma cells since their viability reached its minimum value at this point. The selective cytotoxicity of curcumin-loaded APNPs was also greater than that of curcumin dissolved in the organic solvent DMSO, which may be because the RGD sequence targets overexpressed integrins on cancerous cells.[@b34-ijn-10-3351],[@b40-ijn-10-3351]--[@b42-ijn-10-3351] Since DMSO has been shown to enhance the penetration of both hydrophobic and hydrophilic agents into the cell membrane,[@b43-ijn-10-3351] curcumin could be delivered through the lipid membrane with the aid of DMSO. By becoming incorporated below the hydrophilic head group in a nonspecific manner, molecules of DMSO increase the average head group area and the amenability to bending in the lipid membranes, the entry of water molecules is then facilitated, inducing non-specific water pore formation.[@b44-ijn-10-3351] However, although the dermal application of DMSO did not show significant toxicity in earlier studies, it was reported that DMSO caused eye damage, including lens abnormalities, in animals.[@b45-ijn-10-3351] Moreover, Hanslick et al reported that DMSO could induce widespread apoptotic neurodegeneration in the central nervous system of juvenile mice, and possibly caused similar damage in children. Even at a concentration as low as 0.5%, DMSO could lead to apoptosis in the central nervous system, and at the postnatal age of 7 and 30 which are equivalent to human childhood ages, severe damage was observed after DMSO exposure.[@b46-ijn-10-3351] Therefore, as the peak incidence of osteosarcoma in adolescents is in 10--14-year-olds, when pubertal growth starts,[@b4-ijn-10-3351] DMSO might cause damage in the central nervous system when used as a solvent for hydrophobic anticancer drugs. In this study, APNPs did not show significant toxicity, so the curcumin-loaded APNPs could accelerate the internalization of curcumin with low toxicity induced by short polypeptides, although further in vivo studies are required to investigate this. Moreover, the drug delivery performance of APNPs should be compared with traditional drug carriers like liposomes.

Qualitative cellular uptake studies further confirmed the selectivity of curcumin-loaded APNPs. In both bright field microscopy and confocal laser scanning microscopy images, significant amounts of internalized APNPs containing curcumin could be observed in the cytosol of osteosarcoma cells, whereas limited amounts of curcumin were observed in healthy human osteoblast cells. Additionally, when compared with cells treated using a plain curcumin suspension in phosphate-buffered saline, the arginine-rich sequence of APNPs induced higher internalization efficiency, causing macropinocytosis-meditated internalization of curcumin from the plasma membrane into the cytosol.[@b26-ijn-10-3351] Since the self-assembled APNPs are pH-sensitive, the micelles of APNPs loaded with curcumin may be stable in early endosomes at pH 6, but disassemble in the lysosome at a lower pH, releasing the drug in a controllable manner. This assumption should be confirmed by studies of the cellular uptake mechanism. It is still unclear if these APNPs can protect curcumin from degradation in an alkaline environment, so the stability of pure APNPs and curcumin-loaded APNPs should be studied in alkaline conditions. Also, in vivo studies are necessary to investigate the therapeutic efficacy of curcumin-loaded APNPs in the human body.

Conclusion
==========

This study demonstrates for the first time that arginine-rich-RGD amphiphilic peptides can serve as a drug delivery vehicle for curcumin and selectively inhibit the proliferation of osteosarcoma cells over healthy osteoblast cells. After loading with curcumin, micelles of APNPs could selectively inhibit MG-63 osteosarcoma cells rather than normal human osteoblasts. Further studies for enhancing curcumin loading efficiency, the stability of micelles, combined delivery of curcumin and genes via APNPs, quantitative polymerase chain reaction assays, and in vivo studies are necessary to continue this promising line of research.
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![Three-dimensional schematic structure of C18GR7RGDS amphiphilic peptides.\
**Notes:** Red, oxygen atoms; blue, nitrogen atoms; gray, carbon atoms; and white, hydrogen atoms.](ijn-10-3351Fig1){#f1-ijn-10-3351}

![Transmission electron microscopic images of 1.5 mg/mL amphiphilic nanoparticles (indicated by arrows) prepared in different solutions.\
**Notes:** (**A**) Deionized water, (**B**) phosphate-buffered saline (pH 7.4), (**C**) aggregates of amphiphilic nanoparticles without sonication, (**D**) acetic acid at pH 6, (**E**) acetic acid at pH 4, and (**F**) acetic acid at pH 2. Images were taken at 40,000--50,000× magnification.\
**Abbreviations:** APNP, amphiphilic peptide nanoparticles; PBS, phosphate-buffered saline.](ijn-10-3351Fig2){#f2-ijn-10-3351}

![(**A**) Enhanced solubility of curcumin observed in a solution of curcumin-loaded amphiphilic nanoparticles (right) compared with solid insoluble curcumin in water (left). (**B**) Lyophilized powder of the resulting solution and (**C**) redissolution of the lyophilized powder in water.](ijn-10-3351Fig3){#f3-ijn-10-3351}

![(**A**, **B**) Transmission electron microscopic images of a solution of curcumin-loaded amphiphilic nanoparticles (indicated by arrows) at 50,000× magnification (**A** and **B**).\
**Abbreviations:** APNP, amphiphilic peptide nanoparticles.](ijn-10-3351Fig4){#f4-ijn-10-3351}

![Zeta potential of pure APNPs and curcumin-loaded APNPs.\
**Abbreviation:** APNPs, amphiphilic peptide nanoparticles.](ijn-10-3351Fig5){#f5-ijn-10-3351}

![Fourier transform infrared spectra of (i) solid-state plain curcumin, (ii) pure amphiphilic nanoparticles, and (iii) curcumin-loaded amphiphilic nanoparticles.\
**Abbreviation:** AU, absorbance units.](ijn-10-3351Fig6){#f6-ijn-10-3351}

![X-ray diffraction patterns of curcumin, pure APNPs, and curcumin-loaded APNPs.\
**Abbreviations:** AU, absorbance units; APNPs, amphiphilic peptide nanoparticles.](ijn-10-3351Fig7){#f7-ijn-10-3351}

![Bright field microscopic images of normal human osteoblast cells: (**A**) control, (**B**) treated with 20 μM of curcumin in phosphate-buffered saline, and (**C**) treated with 20 μM of curcumin encapsulated by amphiphilic nanoparticles. Bright field microscopic images of osteosarcoma cells: (**D**) control, (**E**) treated with 20 μM of curcumin in phosphate-buffered saline, and (**F**) treated with 20 μM of curcumin encapsulated by amphiphilic nanoparticles. Images were taken at a magnification of 20×.](ijn-10-3351Fig8){#f8-ijn-10-3351}

![Confocal microscopic images of uptake for normal human osteoblast cells: (**A**) control, (**B**) treated with 20 μM of curcumin in phosphate-buffered saline, and (**C**) treated with 20 μM of curcumin encapsulated by amphiphilic nanoparticles. Confocal microscopic images of uptake for osteosarcoma cells: (**D**) control, (**E**) treated with 20 μM of curcumin in phosphate-buffered saline, and (**F**) treated with 20 μM of curcumin encapsulated by amphiphilic nanoparticles. Images were taken at a magnification of 10×.](ijn-10-3351Fig9){#f9-ijn-10-3351}

![Cytotoxicity of pure APNP to HOB and OS cells. Cells were treated for 24 hours in serum-free medium.\
**Notes:** The data are expressed as (**A**) cell viability and (**B**) cell density. The data are shown as the mean ± standard error of the mean of n=3 (five samples per group). *P*-values represent significant differences between the pure APNP-treated groups and the control groups. \**P*\<0.01.\
**Abbreviations:** APNPs, amphiphilic peptide nanoparticles; HOB, human osteoblasts; OS, osteosarcoma.](ijn-10-3351Fig10){#f10-ijn-10-3351}

![Cytotoxicity of curcumin-loaded APNPs, plain curcumin in PBS, and curcumin dissolved in DMSO to (**A**) OS cells and (**B**) healthy HOB cells. Cells were treated for 24 hours in serum-free medium.\
**Notes:** The data are expressed as cell viability and shown as the mean ± standard error of the mean of n=3 (five samples per group). *P*-values represent significant differences between labeled groups with (\*) the control groups, (^\#^) the groups treated with the same concentration of plain curcumin in PBS, and (\^) the groups treated by the same concentration of curcumin dissolved in DMSO. \*^,\#,^\^*P*\<0.01, \*\*^,\#\#,^\^\^*P*\<0.005.\
**Abbreviations:** DMSO, dimethyl sulfoxide; HOB, human osteoblasts; OS, osteosarcoma; PBS, phosphate-buffered saline; APNPs, amphiphilic peptide nanoparticles.](ijn-10-3351Fig11){#f11-ijn-10-3351}

![Cytotoxicity of curcumin-loaded APNPs, plain curcumin in PBS, and curcumin dissolved in DMSO to (**A**) osteosarcoma (OS) cells and (**B**) healthy human osteoblast (HOB) cells. Cells were treated for 24 hours in serum-free medium.\
**Notes:** Data are expressed by cell densities. Data are shown as the mean ± standard error of the mean, n=3 (five samples per n). The *P*-values represent the significant differences between labeled groups with (\*) the control groups, (^\#^) groups treated by the same concentration of plain curcumin in PBS, and (\^) groups treated by the same concentration of curcumin dissolved in DMSO. \*^,\#,^\^*P*\<0.01, \*\*^,\#\#,^\^\^*P*\<0.005.\
**Abbreviations:** DMSO, dimethyl sulfoxide; APNPs, amphiphilic peptide nanoparticles; PBS, phosphate-buffered saline.](ijn-10-3351Fig12){#f12-ijn-10-3351}
